X-ray imaging methods such as conventional X-ray computed tomography (XCT) based on absorption are essential techniques in various domains, e.g. medicine and materials science. In the last 15 years an important innovation in X-ray imaging technology has emerged through the introduction of Talbot-Lau grating interferometry (TLGI) [1] [2] [3] [4] . Using this imaging technique with three different gratings the extraction of attenuation contrast (AC), differential phase contrast (DPC), dark-field contrast (DFC) information has become available in lab-based X-ray computed tomography systems. In this contribution, we demonstrate the usefulness of TLGI based XCT for different applications in industry and materials science. DPC has advantages for the discrimination of materials with similar X-ray attenuation like water and epoxy and is less probe to metal artefacts. In contrast, DFC is beneficial for the characterization of polymeric foams, for the detection of carbon yarn structures and for the detection of damage (cracks, microvoids etc.) in different kinds of polymers. DFC´s anisotropy can be used to combine the results of two successive DFC measurements in 0 and 90 degrees allowing the visualization and quantification of the weaving pattern of a carbon fabric in 3D.
Introduction
One of the most important and most recent innovations in X-ray technology was the introduction of the Talbot-Lau grating interferometry. 15 years ago, the Talbot-Lau effect was first utilized for X-ray imaging by utilizing monochromatic synchrotron radiation [1, 2] . The additional use of a source grating facilitated the introduction of TLGI to polychromatic X-ray sources in 2006 [3] . A Talbot-Lau interferometer introduces three transmission gratings combined with a state-of-the-art polychromatic X-ray source with low coherence. Three complementary characteristics of the specimen are provided in a single scan using the TLGI method: 1) Attenuation contrast (AC) due to absorption 2) Differential phase contrast (DPC) due to refraction 3) Dark-field contrast (DFC) due to scattering AC is equivalent to conventional X-ray imaging providing information about the attenuation of the X-ray beam intensity through the specimen. DPC is related to the index of refraction and is based on the local deflection of the X-ray beam. DFC reflects the total amount of radiation, which is scattered at small angles by microscopic inhomogeneities in the sample (e.g. by particles, pores, and fibres). Depending on this micro-structure, the scattering signal shows a preferred direction which is perpendicular to the local orientation, and reflected by the measured dark-field signal. TLGI-XCT provides valuable additional information compared to conventional attenuation based XCT due to the different physical origins of the three different modalities. Grating interferometer based XCT was first utilized for medical applications but in the last five years more and more reports about applications in materials science and industry have been published [4, 5, 6] . Even though the TLGI-XCT method has advantages due to its capabilities of acquiring multi-modal image data, there are also several restrictions. The most important ones are the following:
 Limited size of sample due to restrictions of the sizes of the gratings as well as limitations on the working and grating distances  Limited X-ray energy due to restrictions of the thicknesses of the gratings, thus, only materials with a density below and around 3 g/cm -3 can be scanned  Long measurement times due to the loss of X-ray intensity by the gratings and by the phase stepping approach that is required to extract all three imaging modalities  Additional measurement artefacts might occur due to temperature related drifts of X-ray source or gratings, grating imperfections due to manufacturing etc.
These restrictions in combination with the novelty of this technology are the main reasons why TLGI-XCT is not yet very common in non-destructive testing for industrial applications. In this contribution we concentrate on applications of TLGI-XCT with a potentially high practical benefit for materials science and industry.
Experimental setup
A sketch of the working principle of the TLGI-XCT setup is shown in Figure 1 [3, 4] . A source grating (G0) creates an array of line sources, ensuring a sufficient transverse coherence length, while a diffractive grating (G1) causes phase modulation of the incoming X-rays resulting in an interference pattern. Since the fringe pattern cannot be resolved directly using conventional X-ray detectors, an absorption grating (G2) is placed in front of the detector. The source grating G0 is used to scan transversely across the repeated intensity pattern, called phase stepping. Rotating the sample stepwise in between the acquisition of the phase stepping curves allows the tomographic operation. A Fourier analysis of the intensity modulations of each detector pixel is used to simultaneously extract co-registered AC, DPC, and DFC images. With the introduction of the first commercially available desktop Talbot-Lau µXCT system (SkyScan 1294) for material science applications in 2015, this imaging method has become accessible for a broader community [5, 6] . Some of the hardware specifications of SkyScan 1294 used for this paper are as follows:
 Sample diameter < 20 mm, sample length < 50 mm  X-ray source 20-60kV, 100 W, 33 μm spot size  Three-grating phase extraction interferometer with design energy of 30 keV  Cooled CCD camera with 4000 x 2672 pixels Typical measurement parameters for acquiring the TLGI-XCT data presented here include tube voltages ranging from 30-50 kV, Al-filter 0.25 mm -Cu-filter 0.045 mm, voxel size (22.8 µm) 3 , 600-900 projections, four phase steps and measurement time of about 6-11 hours. The Talbot-Lau data has been reconstructed by a weighted filtered back projection algorithm.
Experimental results
In the following chapters different applications of high practical relevance for nondestructive testing and materials science are presented using DPC and DFC modalities. Figure 2 . XCT-cross-sectional AC and DPC images of water and epoxy in a polymeric tube. While AC is not able to differentiate between water and epoxy, DPC images provide sufficient contrast for a clear distinction. The voxel size was (22.8 µm) 3 . Fig. 2 shows XCT-cross-sectional AC, DPC and DFC images of water and epoxy in a polymeric tube. It is clearly demonstrated that the highest contrast between water and epoxy is given for in the DPC images (Fig. 2, right) . AC shows a significantly lower contrast and DFC cannot reveal epoxy in the centre of the tube, as shown in the histograms of the respective modality.
Examples for phase contrast imaging with a significant benefit
A major challenge in XCT imaging is impaired image quality due metal artefacts. High attenuation coefficients of metallic components can cause severe streaking artefacts in the reconstructed volume data set reducing the ability to segment structures at the interface between adjacent materials in XCT images [7] . In this study we used polymeric foam cylinders (20 mm in diameter) representing artificial bone provided with three titanium screws (thread diameter 1.2 mm) respectively. Figure 3 displays AC and DPC imaging showing severe metallic artefacts in the AC image due to the limited design energy and penetration capability of the Talbot Lau desktop system at 50 kV. These artefacts complicate the visualization of the microstructure between the screws and at the "bone"-implant interface. DPC images in comparison show almost no streaking artefacts of metal, delivering an increased contrast which facilitates image segmentation and volume rendering. The main reason why DPC has several advantages and better image quality for the characterization of multi-material systems is that the X-ray phase shift cross section is showing a rather linear dependence from X-ray energy and atomic number and thus being not so sensitive to beam hardening effects or to multi-material systems with large differences in attenuation coefficients [8] . Figure 4 shows an absorption contrast and dark field contrast cross-sectional XCT images of a polyethylene foam [9] . The AC image is characterized by a low contrast and the thin cells walls of the polymeric foam are barely visible. In contrast, in the dark-field image the contrast is much higher: The vertices and struts of the polymeric foam can be clearly distinguished, and the 3D structure of the foam can be characterized accurately. In the dark-field image, the majority of individual struts of the foam are visible. [10] . Both modalities reveal complementary information regarding different kinds of defect mechanism occurring after impact testing, since intralaminar defects and cracks that are not detectable in the AC data can be seen in the DFC data, but on the other hand the DFC modality is not able to resolve interlaminar cracks. In the case of a polypropylene specimen ( Figure 5 bottom pictures) that was cyclically loaded by interrupted tensile testing until final failure (after 430000 cycles) both modalities reveal cracks between the notches induced by cyclic loading. For the DFC image, cracks and defects lead to a strong scattering and subsequently contributing to a strong dark-field signal [10] , since DFC is strongly sensitive to the size of the scatter objects allowing quantitative studies for a given material and interferometer setup. Figure 5 . AC data (minimum intensity projection) and DFC data (maximum intensity projection) of CFRP samples after a 20 J impact (top). Frontal AC and DFC images of a polypropylene test specimen subjected to cycling loading after 430000 cycles (bottom). Voxel size in both cases (22.8 µm) 3 . Adapted from [10] . Fig. 6 shows TLGI-XCT images of a T-shaped CFRP-specimen produced by resin transfer moulding showing cracks, pores, carbon fibre bundles, and the polymeric matrix. The X-ray absorption coefficients of matrix and carbon fibres in carbon fibre reinforces polymers are similar. Therefore, it is difficult to distinguish between matrix (resin) and fibre bundles in conventional absorption contrast. Here, DFC and DPC provide additional information about fibre bundle orientation and the extent of resin rich areas in the specimen. The delineation of resin-rich areas in carbon-fibre reinforced polymers can be significantly improved by phase-contrast imaging. Figure 6 . Absorption, dark field, and differential phase contrast images of a T-shaped CFRP sample with resin-rich areas (green arrows). The arrows indicate resin-rich areas, matrix cracks (blue), carbon fibre bundles (red) and resin with filler (orange) [11] . Figure 7 . Cross-sectional pictures of attenuation contrast -AC data (a), dark field contrast (DFC -b) and differential phase contrast (DPC -c) of a CFRP-sample with a copper mesh. Adapted from [7] . Figure 7 (a)-(c) shows AC, DFC, and DPC axial slice images of a CFRP-sample. In the absorption contrast XCT slice images, fibre bundles cannot be distinguished from the epoxy matrix. However, the fibre bundles are heterogeneous by nature and thus lead to a strong scattering signal. Consequently, the bundles parallel to the section plane appear clearly in the cross-sectional picture of the scattering coefficient in the form of white stripes. For the CFRP laminates the individual unidirectional fibre bundles become visible in the dark-field image, although the individual carbon fibres are well below the resolution limit. A copper mesh for lightening conduction is apply to the left surface of the specimens in Fig. 7 , which causes severe artefacts in AC data. The DPC image in comparison shows almost no streaking artefacts and yields an increased contrast between pores and matrix. Pores, which are located close or in between the superficial copper mesh are clearly visible in the corresponding DPC axial slice image (Fig. 7c ) [7] .
Examples for dark field contrast imaging with a significant benefit

Examples for phase contrast and dark field imaging with a significant benefit
Example for directional dark field imaging in 0 and 90 degrees and data fusion
As demonstrated above for CFRP laminates the individual unidirectional fibre bundles become visible in the dark-field image, although the individual carbon fibres cannot be resolved individually. By combining the results of two successive dark-field XCT measurements, in which the sample was orientated by 0 and 90 degrees, the weaving pattern of the carbon fabric can be visualized and quantified in three dimensions [4, 5] . Figure 8 shows 3D renderings of two merged scatter dark-field datasets of two different CFRP samples S1 and S2 with 5H/6K weave patterns, which are embedded in an epoxy resin matrix. These renderings allow the quantification of the particular carbon fibre bundle weave pattern. 
Conclusions
The applicability and usefulness of the TLGI-CT method to industrially relevant applications for different kinds of materials was demonstrated. The following applications were presented and discussed:
• Discrimination of two materials with a similar X-ray attenuation using DPC • Characterization of a multi-material system (metal and polymer) by DPC with less artefacts in comparison to conventional attenuation based XCT • Detection of impact damage in carbon fibre reinforced laminate and damage in polypropylene samples after tensile testing by DFC • Detection of polymer foam structure by DFC • Detection of fibre orientation, resin reach areas, and cracks in carbon fibre reinforced laminates by combination of AC, DPC, and DFC • Detection of weaving pattern of a CFRP by combining the results of two successive DFC XCT measurements in 0 and 90 degrees TLGI-XCT is very useful in several respects for materials characterization but still has some disadvantages for practical applications like limited sample size, limited X-ray energy and high measurement time. In spite of these limitations, we think that practical applications of TLGI-XCT will increase in the future providing additional and complementary microstructural information for specific industrial applications.
